This is an open access article under the terms of the Creat ive Commo ns Attri butio n-NonCo mmercial License, which permits use, distribution and reproduction in any medium, provided the original work is properly cited and is not used for commercial purposes. Abstract Background: Cytoreductive surgery (CRS) with hyperthermic intraperitoneal chemotherapy for pseudomyxoma peritonei (PMP) is associated with excessive bleeding and acquired fibrinogen deficiency. Maintaining plasma fibrinogen may support hemostasis. Objectives: To compare hemostatic efficacy and safety of human fibrinogen concentrate (HFC) vs cryoprecipitate as fibrinogen sources for bleeding patients with acquired fibrinogen deficiency undergoing PMP CRS. Methods: FORMA-05 was an off-label single-center, prospective, randomized, controlled phase 2 study. Patients undergoing PMP surgery with predicted intraoperative blood loss ≥2 L received human fibrinogen concentrate (HFC; 4 g) or cryoprecipitate (two pools of 5 units, containing approximately 4.0-4.6 g fibrinogen), repeated as needed.
| INTRODUC TI ON
Pseudomyxoma peritonei (PMP) is a rare malignancy with an estimated incidence of 1 to 3 per million per year. 1,2 It usually arises from a perforated primary appendix tumor with associated mucus production, resulting in the spread of mucus and tumor cells throughout the abdominal cavity. 3, 4 Although PMP does not usually metastasize systemically, it is eventually fatal in most cases unless definitively treated by surgery because the space required within the abdomen for nutritional function is replaced by progressive mucinous tumor and mucin accumulation. 4 The treatment of peritoneal malignancy has advanced considerably in recent years, and cytoreductive surgery (CRS) with hyperthermic intraperitoneal chemotherapy (HIPEC) is now the established therapeutic modality. [5] [6] [7] Also known as the Sugarbaker procedure, this approach uses cytoreductive surgery to remove macroscopic disease, and HIPEC to eradicate microscopic disease and reduce risk of recurrence. 8 Cytoreductive surgery usually requires multiple peritonectomy procedures and visceral resections to remove malignant tissue from all involved intra-abdominal surfaces and organs, followed by intra-abdominal instillation of HIPEC for 1 hour at 42°C. 9, 10 Because of its complexity, the surgery is often prolonged; 8 a previous study reported that 84% of such operations required 7 to 12 hours to perform, whereas 9% lasted for more than 12 hours. 9 CRS with HIPEC for extensive peritoneal malignancy, such as advanced PMP, may be associated with large-volume blood loss and substantial use of blood products such as plasma (e.g., 5-6 units) and red blood cells (RBC; e.g., 4 units). 8, [11] [12] [13] Mean blood loss has been estimated to be approximately 1500 mL (ranging up to approximately 5000 mL), 11, 13 with as many as three-quarters of patients requiring transfusions of allogeneic blood products. 12, 13 Effective coagulation management is therefore essential to help achieve successful outcomes. The observations of severe bleeding with this type of surgery led to the development of pre-emptive hemostatic strategies at our center, initially based on fresh frozen plasma (FFP) and more recently based on cryoprecipitate, with the aim of improving hemostatic control during CRS with HIPEC. 8 The main coagulopathy observed during this extensive abdominal surgery is the rapid fall in plasma fibrinogen concentration and, consequently, diminished clot quality. 14 have demonstrated ability to increase plasma fibrinogen levels in bleeding patients. [15] [16] [17] However, cryoprecipitate has variable fibrinogen content, requires blood type matching, time to thaw, and carries risks of transfusion-related acute lung injury and pathogen transmission, and has been withdrawn in some European countries. 18, 19 In contrast, HFC is a highly purified preparation that contains a defined concentration of fibrinogen, does not require blood type matching, and offers enhanced pathogen safety owing to the virus inactivation steps used in production. 20 
| Study population
Patients were enrolled if they were aged ≥18 years, were undergoing cytoreductive surgery with HIPEC for PMP, and had provided written informed consent. Bleeding risk was assessed 60 to 90 minutes after the start of surgery, when excessive blood loss was observed, but before 2 L of blood was lost. When the average intraoperative blood loss in the absence of targeted fibrinogen replacement was predicted to be ≥2 L, the patient was randomized to receive fibrinogen replacement with either HFC (Fibryga ® ) or cryoprecipitate. A randomization list was prepared by the study statistician and consisted of randomization numbers with treatments associated with each number (1:1 treatment ratio). Randomization envelopes showing only the randomization number were available to the investigator. If the patient was deemed to need fibrinogen replacement based on the bleeding risk assessment, he or she was assigned the next available randomization number by the anesthesiologist; otherwise, the patient was considered a screening failure. Other key exclusion criteria included: a recent history of thromboembolic disease; known presence of chronic infections; undergoing emergency surgery or surgery for other forms of peritoneal malignancy or infection; receipt of fibrinogen-containing products within 14 days before screening; any known congenital or acquired coagulation disorder; administration of a coagulation-active drug before the start of treatment; known hypersensitivity to the study medication; and pregnant or lactating women.
| Treatments
A newly developed HFC (Fibryga ® ) was used in this study, which undergoes two dedicated virus inactivation/removal steps (solvent/detergent treatment and nanofiltration) during its production. 20 Lyophilized HFC was delivered by the blood bank to the operating room and then prepared in accordance with the manufacturer's instructions using the dedicated Octajet transfer device and administered immediately after reconstitution. Cryoprecipitate was thawed and prepared for administration by the local blood bank, delivered to the operating room, and 
| Evaluation of hemostatic efficacy
The primary endpoint was a composite of intraoperative and postoperative hemostatic efficacy, assessed by the investigators and adjudicated by an Independent Data Monitoring and Endpoint Adjudication Committee (IDMEAC) according to a predefined algorithm (Table S1 ).
Intraoperative efficacy was assessed at the end of surgery by both the surgeon and the anesthesiologist using an objective 4-point hemostatic efficacy scale, with ratings of excellent, good, moderate, or none (Table   S2 ). Postoperative efficacy was assessed 24 hours after the end of surgery by the hematologist, also using an objective 4-point hemostatic efficacy scale (Table S3) . Overall treatment success was defined as a rating of excellent or good. For all hemostatic efficacy adjudications, the IDMEAC was blinded to the treatment received by each patient.
| Coagulation profiles and clot strength
Plasma fibrinogen levels determined using the Clauss assay, and fibrin clot strength determined by ROTEM analysis (FIBTEM A20), were measured before and after each dose of HFC or cryoprecipitate and also hourly, unless there was overlap between these timings. Other thromboelastometry and coagulation parameters, including factor VIII activity (FVIII:C), von Willebrand factor ristocetin cofactor activity (VWF:RCo) and factor XIII (FXIII), were assessed every 2 hours during surgery. All thromboelastometry and coagulation parameters were also assessed at the preoperative, intraoperative, and end-of-surgery assessments, and at 6, 12, 24, and 48 hours and on day 10 after surgery. In addition to FIBTEM A20, thromboelastometry measurements included EXTEM A20 and EXTEM clotting time (CT), which represent the contribution of the extrinsic coagulation pathway to clot strength and time to clot formation, respectively. A separate publication is planned to describe the coagulation profiles in more detail, including results of other coagulation parameters such as VWF antigen, thrombin generation, and platelet count.
| Critical care outcomes
The following critical care outcome data were recorded: duration of surgery; duration of intensive care unit (ICU) stay (including duration of artificial ventilation); duration of hospital stay; intraoperative and 24-hour, 48-hour, and 10-day postoperative requirements for blood products (including FFP, RBC concentrate, and platelets); intraoperative, 24-hour, and 48-hour postoperative blood loss; requirement for reoperation or reoperation for bleeding; and 21-day mortality.
| Safety
All adverse events (AEs) occurring during the study period were recorded (i.e., up to 21 [±7] days after surgery or end of hospitalization, whichever occurred first). Treatment-emergent AEs were defined as AEs that started or worsened after the start of HFC/cryoprecipitate infusion. For each AE, the severity (mild, moderate, or severe), seriousness (nonserious or serious), and causality (probable, possible, unlikely, or unrelated) were assessed.
| Statistical analysis
A formal sample size calculation was not performed because reliable information on treatment effects with respect to the chosen endpoint was not available. It was considered that this type of surgery was sufficiently standardized to provide a homogenous patient population and to allow for the investigation of the efficacy of fibrinogen supplementation in controlling bleeding.
Fisher's exact test was used to test hypotheses and explore distributions of hemostatic efficacy ratings between treatment groups. Noninferiority of HFC compared with cryoprecipitate for the primary endpoint was analyzed post hoc using the Farrington-Manning test, with a noninferiority margin of 0.2. Secondary efficacy endpoints were analyzed by presenting sampling statistics by treatment group as well as treatment group differences for means and proportions with 95% confidence intervals (CIs). All statistical analyses were performed using SAS 9.4 software.
The full analysis set (FAS) comprised all randomized patients who received at least one dose of HFC or cryoprecipitate. The per protocol (PP) population excluded patients with major protocol deviations, including substantial deviations from the treatment schedule. This manuscript presents the PP analysis as considered appropriate for a pilot phase 2 study.
| RE SULTS

| Patient characteristics
A total of 48 patients were enrolled in the study (Figure 1 ). Two patients did not fulfill the eligibility criterion of intraoperative need for fibrinogen replacement, whereas one patient was randomized but did not receive fibrinogen replacement. The FAS therefore comprised 45 patients who received either HFC (n = 22) or cryoprecipitate (n = 23). Of these, two patients (one in the HFC group and one in the cryoprecipitate group) had major protocol deviations (underdosing and overdosing, respectively), and so were excluded from the PP population.
The median age of the FAS population was 61 years (range: 34-76) (Table S4 ). Overall, 55.6% of patients were female and 97.8%
were classified as white, with one patient classified as Asian. The mean (±standard deviation [SD]) total peritoneal cancer index score was 27.62 (±7.83). There were no statistically significant differences in the baseline characteristics between the HFC and cryoprecipitate groups. The two groups had similar volumes of disease as reflected by the comparable peritoneal cancer index scores at baseline (Table   S4 ). The coagulation profile was also comparable between groups at the time of randomization (Table S5 ).
| Hemostatic efficacy
In the analysis of the primary endpoint in the PP population, overall hemostatic efficacy was rated as a success for 100.0% (95% CI: 83.9-100.0, n = 21) of patients in the HFC and 100% (95% CI: 84.6-100.0, n = 22) of those in the cryoprecipitate group. A post hoc analysis demonstrated noninferiority of HFC compared with cryoprecipitate for achieving successful overall hemostatic efficacy (P = .0095).
For the HFC group, the surgeon, anesthesiologist, and IDMEAC all rated intraoperative hemostatic efficacy as excellent for 61.9% of patients, good for 33.3%, and moderate for 4.8% (Figure 2 ). For the cryoprecipitate group, the surgeon and anesthesiologist rated intraoperative efficacy as excellent for 54.6% of patients, good for 27.3%. and moderate for 18.2%, whereas the IDMEAC ratings differed slightly, at 50.0% excellent, 22.7% good, and 27.3% moderate.
The hematologist and IDMEAC rated postoperative efficacy as excellent for all patients in both the HFC and cryoprecipitate groups.
The HFC demonstrated a significantly greater capacity to increase fibrinogen levels and fibrin-based clot strength than cryoprecipitate. In the PP population, the mean (±SD) of the increases in plasma fibrinogen observed after each intraoperative dose of HFC was 0.78 g/L (±0.34); the corresponding mean increase for the cryoprecipitate group was significantly smaller at 0.35 g/L (±0.29; P < .0001 for between-group comparison).
The mean (±SD) of the increases in FIBTEM A20 observed after each intraoperative dose of HFC was 3.33 mm (±1.99). The corresponding mean increase for the cryoprecipitate group was 0.93 mm (±2.91), which was significantly lower than for the HFC group (P = .003). 
| Dosing of HFC and cryoprecipitate
In the PP population, the mean (±SD) intraoperative dose of HFC 
| Time to administration
The time between surgery start and randomization did not differ significantly between the two groups ( Table 2 ). The HFC was delivered to the operating room a mean of 46 minutes earlier than cryoprecipitate.
As a result, the mean time between randomization and the start of the initial infusion was 24 minutes shorter for the HFC group (P < .0001). 
Information on infusion duration was
| Coagulation parameters and clot strength
In the FAS population, the two groups had comparable plasma fibrinogen levels at baseline and at 1 hour after the start of surgery ( Figure 3A ). From 2 hours after surgery start, throughout the remaining intraoperative period and at all postoperative time points, fibrinogen levels were numerically higher in the HFC group.
FIBTEM A20 was numerically higher in the HFC group compared with the cryoprecipitate group at baseline, but values were comparable between groups at 1 hour after the start of surgery ( Figure 3B ). of surgery ( Figure S1A ) and then increasing at each postoperative time point ( Figure S1B ). VWF:RCo showed a slight initial increase early intraoperatively in both groups. VWF:RCo was maintained accordingly in the cryoprecipitate group, whereas in the HFC group it decreased to preoperative levels by the end of surgery ( Figure   S1C ). On the second postoperative day and on the following measurement on the tenth postoperative day, the values were similar in both groups ( Figure S1D ). Mean FXIII levels decreased sharply in both groups between baseline and 2 hours after surgery start ( Figure S1E) . They subsequently levelled out, except for a further small decrease up to the end of surgery, and remained stable in the postoperative phase ( Figure S1F ).
| Critical care outcomes
The median durations of surgery, artificial ventilation in the ICU, ICU stay, and hospitalization were comparable between groups ( Table 3 ). The same was true for actual intraoperative blood loss ( Figure S2) ; following the end of surgery, there was no bleeding in assessed as related to study drug administration. Twenty-three AEs in 18 patients were classed as serious AEs (Table S6 ). Of these, six were in the HFC group and 17 were in the cryoprecipitate group.
| SAFE T Y
No thromboembolic events were observed in the HFC group. In the cryoprecipitate group, seven patients (30.4%) experienced seven thromboembolic events (five patients with pulmonary embolism and two patients with deep vein thrombosis) between postoperative days 4 and 11.
There was a single death during the study. This death occurred postoperatively in a patient in the cryoprecipitate group who experienced a gastrointestinal anastomotic leak on postoperative day 10.
This event was deemed unrelated to study drug administration. The patient underwent reoperation but died on postoperative day 12.
No other AEs led to discontinuation of a patient in the study.
| D ISCUSS I ON
In the surgical setting of cytoreductive surgery for PMP, 100% of patients who received fibrinogen supplementation with either HFC or cryoprecipitate achieved the primary endpoint of overall hemostatic treatment success. Post hoc analysis showed that HFC is non-inferior to cryoprecipitate for overall hemostatic efficacy. Plasma fibrinogen levels and clot firmness increased after administration of both products, but to a significantly greater extent with HFC. The HFC was available for use earlier after randomization; therefore, the infusion could be initiated sooner than Owing to the level of blood loss and coagulopathy associated with cytoreductive surgery with HIPEC for PMP, this type of major abdominal surgery could be considered a robust model of acquired fibrinogen deficiency. 8 Plasma fibrinogen levels and the contribution of fibrinogen to clot strength, as assessed using FIBTEM, have been shown to decrease significantly during the surgical phase of the procedure. 22 The intraoperative course of these two parame- With the increasing use of point-of-care coagulation testing, there has been a move toward targeted therapy to correct specific defects. 23 In the present study, following the initial dose of HFC or cryoprecipitate, the thromboelastometry FIBTEM A20 parameter was used to guide subsequent intraoperative and 24-hour postoperative infusions. This ensured that each patient received fibrinogen replacement tailored to their individual fibrin clot profile. RBC concentrate was the only allogeneic blood product transfused in any patient, and at a lower level than previously described by Sargant et al. 8 It was surprising to note that coagulation parameters that would be expected to be particularly influenced by the content of cryoprecipitate, such as FVIII, were comparable between the treatment groups. In addition, values for FXIII were also comparable between groups throughout the study. Because FXIII is not an acute phase protein to be promptly delivered to the circulation during surgery, in contrast to FVIII, it can be concluded that satisfactory supplementation with FXIII is also obtained using fibrinogen concentrate.
Although cryoprecipitate has been used for fibrinogen replacement in acquired fibrinogen deficiency for many years, there is close to no efficacy data published on this product. 15, 19 There are more studies on use of HFC to correct acquired fibrinogen deficiency, and these have been performed in a variety of clinical settings, including surgery, [24] [25] [26] [27] [28] [29] trauma, [29] [30] [31] [32] and major obstetric hemorrhage. 29, 33 Nevertheless, only one randomized trial, in pediatric cardiac surgery, 34 and three observational studies, one in major obstetric hemorrhage, 33 one in cardiothoracic surgery, 35 and one in acute major hemorrhage requiring coagulation factor replacement or consumptive coagulopathy associated with hypofibrinogenemia, 36 a recent systematic review from Jensen et al. 37 Current international guidelines recommend use of HFC for treatment of bleeding in surgical patients with hypofibrinogenemia 38 and trauma patients with massive hemorrhage 39 . Data from the present study strengthens the recommendations of these guidelines by further adding to the body of evidence that HFC specifically and effectively improves fibrin-based clot strength and restores hemostasis in bleeding patients, such that transfusion of allogeneic blood products is considerably limited. In addition, these study data support the clinical application of these recommendations because it represents the basis of various regulatory interactions for the approval of the HFC Fibryga in acquired fibrinogen deficiency (e.g., already approved in Switzerland).
In terms of safety, the AEs that occurred in the present study were representative of those expected for surgery of this kind. One potential safety concern related to the use of procoagulants is the occurrence of thromboembolic events. No thromboembolic events were observed in the HFC group, whereas seven were observed in the cryoprecipitate group. On the available evidence, and despite the extended coagulation panel assessed, it is not possible to draw any definitive conclusions as to why thromboembolic events were observed only in the cryoprecipitate group.
This study has demonstrated the efficacy and safety of HFC as a source of fibrinogen for bleeding patients with acquired fibrinogen deficiency undergoing surgery for PMP. Both HFC and cryoprecipitate were efficacious for maintaining hemostasis and increasing plasma fibrinogen levels and FIBTEM A20. HFC appeared to offer additional benefits. The rapid reconstitution of the lyophilized powder in the operating room made it possible to administer the HFC earlier than cryoprecipitate, which required thawing at the blood bank before use. In addition, mean increases in plasma fibrinogen and FIBTEM A20 after each intraoperative dose were significantly higher in the HFC group. Because the mechanisms by which acquired fibrinogen deficiency develops -loss, consumption, and hemodilution -are common to many bleeding situations, these results are not only relevant for patients undergoing cytoreductive surgery for PMP, but also have implications for other types of surgery where significant blood loss is expected.
A limitation of the study was that it could not be conducted in a blinded manner because of inherent differences in aspect and volume between the study drugs. Although the health care professionals carrying out the surgery could not be blinded, the IDMEAC adjudication committee was kept blinded from treatment allocation. could be identified to guide the statistical assumptions on treatment efficacy rates. The low number of patients might also be considered a limitation; however, PMP is a very rare disease and the number of patients in this study (n = 45) is comparable with similar phase 3 studies for congenital disorders of similar prevalence (such as congenital fibrinogen deficiency).
Although this study demonstrated comparable hemostatic efficacy and noninferiority of HFC to cryoprecipitate, a confirmatory multicenter study would further strengthen these results. HFC increased plasma fibrinogen levels and fibrin-based clotting to a greater extent, but a larger study population would be needed to confirm this. It is noteworthy that thromboembolic events were observed only in the cryoprecipitate group. The study included an extensive panel of coagulation tests at multiple time points, but the results did not identify a potential reason for this observed difference in the incidence of thromboembolic events between the groups. More research is needed to further describe aspects of the coagulation profile to confirm whether there is a difference in the safety profiles of the two products.
| CON CLUS ION
Human fibrinogen concentrate is efficacious for maintaining hemostasis in patients with acquired fibrinogen deficiency undergoing cytoreductive surgery for PMP. HFC is available for use faster than cryoprecipitate and has a comparable safety profile, with the possible exception of thromboembolic events, which were observed only with cryoprecipitate. Owing to the generalizability of the clinical model used, these results have implications for other surgical settings in which patients acquire fibrinogen deficiency and experience acute bleeding. Further studies are needed to explore potential differences between the safety profiles of the two products.
